INTRODUCTION
============

Iodine is not only a major component of thyroid hormones but is also a microenvironment for thyroid cells to thrive. A U curve has been proved by a number of studies, indicating that both iodine deficiency and iodine excess can result in an increased prevalence of thyroid disorders. Over the past 25 years, universal salt iodization (USI) has been introduced in many countries as a safe, cost-effective and sustainable method to eliminate iodine deficiency disorders (IDDs), resulting in a greatly improved iodine status. However, an increased iodine intake has brought new challenges in long-term iodine sufficient regions covered by USI for more than 10 years. This review focused on the effect of iodine excess on thyroid disorders in China and other regions in the world.

THE HISTORY AND CURRENT STATUS OF USI IN CHINA
==============================================

China was an iodine-deficient country with 370 million people living in iodine-deficient areas prior to 1970. As a result, a program of local iodine supplementation was introduced in iodine-deficient areas in 1979 \[[@B1]\]. A national survey in 1995, when household salt iodine was 16.2 mg/kg, showed that iodine status was adequate with a median urinary iodine concentration (UIC) of 164.8 µg/L, yet goiter prevalence was high, at 20.4% \[[@B2]\].

From 1996, a mandatory USI program was introduced nationwide; the recommended standard for the concentration of iodine in iodized salt was 50 mg/kg at the production level, 30 mg/kg at the retail level and 20 mg/kg at the household level \[[@B3]\]. USI resulted in a sharp increase in the median UIC in school children to 330 µg/L in 1997 and 306 µg/L in 1999, when the iodine concentration of household salt was measured at 37 to 42 mg/kg, which was much higher than the recommended standard. For this reason, in 2002, national standards for iodized salt were revised to reduce the iodine concentration from 50 to 35±15 mg/kg at the production level resulting in a downward shift to a more than adequate iodine intake that lasted for another 8 years (2003 to 2011) ([Table 1](#T1){ref-type="table"}). In 2012, World Health Organization (WHO) identified China as a region with more than adequate iodine intake \[[@B4]\] and in that year, China\'s USI program was again revised with two key policy changes: first, a new set of national criteria for salt iodization was launched whereby the concentration of iodine in salt was decreased to 20 to 30 mg/kg at the production level; second, provincial governments were authorized to set the local iodine concentration in salt to within ±30% of the recommended level to account for the natural background iodine level \[[@B3]\]. Consequently, the Chinese population has been exposed to excessive iodine intake for 6 years and to more than adequate iodine intake for 11 years since the introduction of USI.

IODINE ASSESSMENT
=================

Iodine status of the population
-------------------------------

Assessment of iodine status of the population \>12 years of age is based on the UIC of school-age children ([Table 2](#T2){ref-type="table"}) \[[@B5]\].

Iodine status of pregnant and lactating women
---------------------------------------------

In 2007, WHO Technical Consultation first recommended both a low (250 µg/day) and upper (500 µg/day) limit of iodine intake for pregnant and lactating females. Meanwhile, a standard to assess the iodine nutrition status for pregnant and lactating females based on UIC was proposed and included insufficient, adequate, more than adequate and excessive iodine status categories ([Table 3](#T3){ref-type="table"}). UIC \<150 µg/L was defined as iodine deficiency during pregnancy, compared with the classical definition of iodine deficiency in the general population, which was UIC \<100 µg/L \[[@B6]\].

HYPERTHYROIDISM
===============

Since the initial description by Coindet in 1821 and the subsequent definition by Breuer and Kocher in 1904, iodine-induced hyperthyroidism (IIH) has been reported in patients with a variety of underlying thyroid diseases \[[@B7]\]. The prevalence of IIH was partly related to the previous level of iodine deficiency in the region and was transient. After USI was started in moderate to severe iodine deficiency areas, the incidence of hyperthyroidism increased significantly. USI came into effect in 1995 in Zimbabwe. The retrospective survey regarding the incidence of hyperthyroidism in Zimbabwe performed by WHO and International Council for the Control of Iodine Deficiency Disorders showed that the incidence of hyperthyroidism ranged from 2.8/100,000 to 7.4/100,000 per year \[[@B8]\], with a similar result found in Zaire \[[@B9]\]. The incidence of hyperthyroidism is associated with the increased amount of iodine intake. Another Austrian multi-center retrospective study including more than 400,000 participants was conducted in 19 regions in 1998 and showed that the incidence of clinical hyperthyroidism and subclinical hyperthyroidism increased by 36% and 64%, respectively, following an increase of iodine in salt from 10 to 20 mg/kg \[[@B10]\]. In Denmark, Ahlberg is a moderately iodine-deficient area (median urinary iodine, MUI 53 ug/L) where the incidence of hyperthyroidism increased every year after USI was introduced (iodine concentration in salt was 13 mg/kg) \[[@B11]\].

The increase of IIH was partly due to the effects of iodine on the thyroid autoimmunity. After the supply of iodized bread in Tasmania, the incidence of hyperthyroidism increased from 0.018% to 0.059% and 54% patients were positive for thyroid stimulating antibodies \[[@B12],[@B13]\]. Another 494-case study was performed by Solomon et al. \[[@B14]\] investigating relationships between iodine intake and remission rate of Graves disease during a 20-year period. They found remission rates of Graves disease were 60% to 80% in 1963, decreased to 13% to 20% in 1973 and then increased again to 50.6% in 1987. The change of Graves disease remission rates was associated with iodine in the diet during the same period \[[@B14]\]. However, in two follow-up studies conducted by our group in China, the prevalence and cumulative incidence of Graves disease were found to be not related to iodine intake, which had no effect on the outcomes of patients with Graves disease following drug treatment \[[@B15],[@B16]\].

HYPOTHYROIDISM
==============

Currently, the reports of iodine-induced hypothyroidism are not considered important. In 1997, Szabolcs et al. \[[@B17]\] investigated the effect of different iodine levels on the prevalence of thyroid dysfunctions in Hungry. The survey was performed in Northern Hungry (MUI 72 µg/g creatinine), Slovakia (MUI 100 µg/g creatinine), and Eastern Hungry (MUI 513 µg/g creatinine). It showed that the prevalence of hypothyroidism was an increasing trend, accompanied by iodine intake, and was 0.8%, 1.5%, and 7.6%. The prevalence of subclinical hypothyroidism was 4.2%, 10.4%, and 23.9%. They also concluded that occurrence of hypothyroidism was mainly due to autoimmune thyroiditis \[[@B17]\]. In 1998, in Denmark, Laurberg et al. \[[@B18]\] reported that an elderly population living in a relatively high urinary iodine region (MUI 150 µg/L) had a higher serum thyrotropin (TSH) than those in a lower urinary iodine region (MUI 38 µg/L). Notably, two Danish cities were identified as moderate and mild iodine deficiency areas (Aalborg, MUI 45 µg/L and Copenhagen, MUI 61 µg/L). Although the MUI were relatively similar for Aalborg and Copenhagen, the differences in clinical hypothyroidism incidence were large (26.5/100,000 and 40.1/100,000 per year, respectively) \[[@B19]\]. Even 6 years after USI was introduced in Denmark, the overall incidence rate of hypothyroidism increased during the study period (38.3/100,000 to 47.2/100,000 per year), occurring primarily in young and middle-aged subjects with previous moderate iodine deficiency \[[@B20]\]. In addition, the people with autoimmune thyroiditis were more susceptible to excessive iodine. In 1998, Reinhardt et al. \[[@B21]\] reported that when patients with Hashimoto\'s thyroiditis took 250 µg iodine supplement daily (MUI increased from 72 µg/g creatinine to 268 µg/g creatinine), the occurrence of thyroid dysfunction in the thyroiditis group was significantly higher than in the control group.

To understand the effect of different iodine intakes, we investigated iodine-induced thyroid disease in three regions of China with different iodine levels in nutrition (iodine-induced thyroid disorders, IITD). In the three communities, MUI was 88, 214, and 634 µg/L. According to WHO criteria these levels were considered as mild iodine deficiency, more than adequate iodine and iodine excess, respectively. A total of 3,761 random volunteers were enrolled at baseline and 3,018 subjects (80.2%) were included in a 5-year follow-up study. Except for the different levels of iodine, other factors such as the age, gender, economic status, and health care received in the three regions were similar. The iodine levels were almost the same in the three communities during the 5-year period showing the prevalence of overt hypothyroidism was 0.3%, 0.9%, and 2% and the cumulative incidence was 0.2%, 0.5%, and 0.3%. The prevalence of subclinical hypothyroidism was 0.9%, 2.9%, and 6.1% and the cumulative incidence was 0.2%, 2.6%, and 2.9% \[[@B22]\]. We conducted another population-based cross-sectional study in two regions of China with different iodine levels in nutrition. The study included 3,813 subjects in Rongxing (MUI 261 µg/L) and Chengshan (MUI 145 µg/L). The prevalence of subclinical hypothyroidism was significantly higher for individuals living in Rongxing than in Chengshan \[[@B23]\].

AUTOIMMUNE THYROIDITIS
======================

There is increasing evidence that the occurrence of thyroiditis is related to iodine supplementation. When mice of an autoimmunity-prone strain were first fed an iodine-deficient diet followed by an iodine-excessive diet, they developed ultrastructural thyroid epithelial cell damage in a dose-dependent manner suggestive of autoimmune disease. The incidence of thyroiditis as well as the degree of lymphocytic infiltration in the thyroid increased gradually, dose-dependently \[[@B24]\]. Analysis of 3,500 fine-needle aspiration biopsy cases in Poland between 1985 and 1999 showed that the frequency of cytologically-diagnosed chronic thyroiditis increased from 1.5% in 1992 to 5.7% in 1999 due to USI in 1997 \[[@B25]\]. Kahaly et al. \[[@B26]\] performed a double-blind trial evaluating efficacy and tolerability of low-dose iodine supplementation in adults with euthyroid, diffuse, endemic goiter. Sixty-two participants were randomly assigned an iodine supplement (0.2 mg/day) or placebo for 12 months. After trial completion, thyroid dysfunctions and autoimmunity were observed in nearly 10% of the subjects \[[@B26]\]. Similar results were observed in Greek and Sri Lankan children. After USI, the prevalence of autoimmune thyroiditis in Greek children was three times greater than it was 7 years prior \[[@B27]\]. The prevalence of positive thyroglobulin antibody in Sri Lankan young females was markedly increased, ranging from 14.3% (11 years of age) to 69.7% (16 years of age) \[[@B28]\].

In our ITTD study, the prevalence of autoimmune thyroiditis in the three regions was 0.5%, 1.7%, and 2.8% and the cumulative incidence was 0.2%, 1.0%, and 1.3% \[[@B22]\]. Beginning in 2002, we evaluated whether excessive intake of iodine in postpartum females caused postpartum thyroiditis (PPT). Of 488 pregnant females, the prevalence of overt PPT and subclinical PPT was 7.2% (35/488) and 4.7% (23/488), respectively. When the 488 subjects were divided into three subgroups according to urinary iodine levels, the prevalence of PPT in the high iodine intake group was significantly higher than in the other groups. Pregnant females with high iodine intake were at greater risk of developing PPT than were those with low iodine intake (relative risk, 2.92; 95% confidence interval \[CI\], 1.31 to 6.50) \[[@B29]\].

GOITER
======

Iodine-induced goiter was first discovered in Hokkaido, Japan, in 1966. The incidence of goiter in the region is 6% to 12% and urinary iodine of local people is up to 8 to 24 mg/day \[[@B30]\]. In 1987, Li et al. \[[@B31]\] reported that the prevalence of goiter in children living in areas of Shanxi Province in China with high iodine levels in water (water iodine content 462.5 µg/L) was as high as 65%; the prevalence of goiter in the control area (water iodine content 54 µg/L) was 15.4%. Zimmermann et al. \[[@B32]\] also found that chronic iodine intakes over 500 µg/day in children can increase thyroid volume.

THYROID NODULES
===============

Recently, controversy that iodized salt may increase the risk of thyroid nodules has emerged in China. In our study, the prevalence of a single nodule was 8.8%, 8.3%, and 4.1% in Panshan (MUI 88 µg/L), Zhangwu (MUI 214 µg/L), and Huanghua (MUI 634 µg/L), respectively, and the prevalence of multiple nodules was 3.8%, 1.9%, and 6.7%, respectively. In Panshan, Zhangwu, and Huanghua the cumulative incidence of a single nodule was 4.0%, 5.7%, and 5.6% and multiple nodules was 0.4%, 1.2%, and 1.0%, respectively. The incidence of single and multiple nodules was similar between males and females in all three regions \[[@B33]\]. A cross-sectional study was conducted in Hangzhou, China, in 2010. After adjustment for potential covariates, as compared to those with normal urinary iodine, the subjects with low UICs had an increased risk of thyroid nodules (odds ratio \[OR\], 1.25; 95% CI, 1.07 to 1.45); however, subjects with a high or excessive UIC did not have an increased risk of thyroid nodules \[[@B34]\].

THYROID CANCER
==============

Thyroid cancer is a common endocrine tumor, and the annual incidence of clinical thyroid cancer is (4 to 10)/100,000 per year. Some reports have shown that increased incidence of thyroid cancer is related to iodine intake. After the USI program was introduced in Australia in 1963, the incidence of thyroid cancer increased from 3.07/100,000 to 7.8/100,000 per year \[[@B35]\]. However, in some cases the total incidence of thyroid cancer was unchanged \[[@B36]\]; therefore, more focus was directed to the change of tumor type after USI. Harach and Williams \[[@B37]\] analyzed thyroid cancer cases over a 31-year period. The incidence of thyroid cancer increased from 0.78/100,000 to 0.84/100,000 per year after USI. They suggested a high intake of iodine may be related to a high incidence of papillary carcinomas and thyroiditis, the latter more commonly associated with papillary carcinomas than other thyroid tumors \[[@B37]\]. USI was started in 1936 in Sweden and was enhanced in 1966. A survey in Sweden also showed that high incidence of papillary carcinomas was observed in areas with higher levels of iodine \[[@B38]\]. A study analyzing the incidence of thyroid carcinoma (TC) before and after USI was conducted in Shenyang, a city in Northeastern China. The pathology reports were collected from patients with thyroid diseases who underwent surgery in the First Hospital of China Medical University from January 1, 1992, to December 31, 2009. The prevalence of TC, papillary thyroid carcinoma (PTC) and medullary thyroid carcinoma increased, follicular thyroid carcinoma decreased and undifferentiated thyroid carcinoma (DTC) showed no change after USI. The incidence of PTC complicated with either a nodular goiter or chronic lymphocytic thyroiditis also increased after USI \[[@B39]\].

MUI in Korean subjects (*n*=540, 2012) was 267.6 µg/L and was significantly higher in the older group (383.9 µg/L) than in the younger group (191.8 µg/L). The results also indicated the MUI in the Korean urban population was in a more than adequate iodine nutritional state \[[@B40]\]. Similar to worldwide trends, the incidence of thyroid cancer in South Korea has increased steadily in recent decades from 1.9 in 1996 to 27.0 in 2010 in males and from 10.6 to 111.3 in females, using a hypothetical world standard population. The proportion of papillary-type thyroid cancer increased from 74.2% and 75.4% in 1996 to 97.9% and 98.3% in 2010 for males and females, respectively. Thyroid cancer is the leading cancer in females since 2003 and is now the fifth most common cancer in males in Gwangju and Jeonnam, South Korea \[[@B41]\].

A meta-analysis proved higher serum TSH concentration was associated with an increased risk of thyroid cancer \[[@B42]\]. In 2010, we initiated a new population-based cross-sectional study (IITD-4) in 10 cities including 15,177 individuals in China. Six of 10 cities were adequate iodine intake regions and four cities were more than adequate iodine intake regions. The median TSH was 2.38 mIU/L (reference, 0.71 to 6.25) in China. The National Health and Nutrition Examination Survey III was a similar survey in the USA, but the median TSH was 1.40 mIU/L (reference, 0.39 to 4.6). We also found TSH levels in the population increased from 1999 to 2010 in China. The median TSH of a Chinese population in 1999, 2007 and 2010 was 1.22, 1.52, and 2.38 mIU/L, respectively. The reference TSH levels also increased from 0.3 to 4.8 mU/L to 0.71 to 6.25 mIU/L (data currently unpublished). We hypothesize that this change was related to iodine intake, and the increased TSH level could lead to thyroid abnormalities. We have found a similar relationship between chronic iodine excess and elevated serum TSH levels in animals \[[@B43]\]. We also found that as TSH increased, the prevalence of DTC rose clearly. The OR in favor of having DTC with a serum TSH 1.9 to 4.8 mIU/L and \>4.8 mIU/L, compared with having a serum TSH 1.0 to 1.9 mIU/L were 1.57 (95% CI, 1.03 to 2.40) and 5.71 (95% CI, 2.31 to 14.14), respectively \[[@B44]\].

IODINE EXCESS DURING PREGNANCY
==============================

The upper limit of acceptable iodine intake in pregnancy is controversial. Iodine excess during pregnancy existed in Somalia \[[@B45]\], Japan and other countries. The fetal thyroid does not acquire the capacity to suppress the acute Wolff-Chaikoff effect until approximately 36 weeks of gestation \[[@B46]\]. Therefore, a maternal iodine excess could potentially cause fetal congenital hypothyroidism \[[@B47],[@B48]\]. Nohr found iodine supplementation during pregnancy could cause TSH of cord blood to be 27.3% higher than that of those with no artificial iodine supplementation. He suggested the fetal thyroid is more sensitive to the inhibitory effect of iodine than is usually anticipated \[[@B49]\]. A study of pregnant females by Rebagliato demonstrated increased risk of TSH levels above 3 mIU/L in females who consumed 200 µg or more of iodine supplements daily compared with those who consumed less than 100 µg/day (adjusted OR, 2.5; 95% CI, 1.2 to 5.4). Pregnant females from a region with the highest MUI and highest supplement coverage showed the lowest levels of serum-free thyroxin \[[@B50]\]. According to another survey, a maternal intake of more than 150 µg/day compared with \<100 µg/day of iodine from supplements was associated with a 5.2-point decrease in psychomotor development index (PDI) and a 1.8-fold increase in the odds of PDI \<85 \[[@B51]\]. Currently, numerous studies have focused on avoiding an iodine deficiency during pregnancy, but monitoring methods for iodine excess in pregnancy is lacking.

Currently, we are conducting a new epidemiological study on iodine and thyroid diseases (IITD-5) in China including 80,600 subjects from 31 provinces. This large survey investigates thyroid disorders and iodine status in China. Hopefully, this study will summarize iodine nutritional status and thyroid diseases in China systematically. The results may not only benefit China in the prevention and treatment of thyroid disease but may also benefit populations worldwide.

CONCLUSIONS
===========

Iodine is required for the production of thyroid hormones. Although iodine supplementation should be implemented to prevent and treat IDDs, iodine intake must be maintained at a safe level. The majority of excessive iodine exposure cases does not generally result in apparent clinically fatal consequences but could be harmful. More than adequate or excessive iodine levels are unsafe and may lead to hypothyroidism and autoimmune thyroiditis, especially for susceptible populations with recurring thyroid disease, the elderly, fetuses, and neonates. TSH levels are increasing in the Chinese population and the consequences of excessive iodine should be closely investigated.
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